To enable an online virtual university, a learning environment covering the entire spectrum of the learning and management process is required. However, constructing such an environment remains a hard work. One of the problems is to integrate heterogeneous software modules from different providers. In addition, these modules must constantly evolve. In this paper, we propose CUBES, an e-learning enabling system that focuses on the integrity, evolvability and extensibility. In CUBES, a special data exchange module(DEM), along with a global authentication module and a core user information management module, forms a basic supporting platform for the integration of upper educational application modules(EAMs), e.g. a large scale real-time interactive virtual classroom and a dynamic learning quality monitor. A universal portal helps to configure the integrated EAMs, providing a seamless learning environment for users. With the help of the supporting system and the universal portal, EAMs are easily combined together like cubes. Besides, popular e-learning standards, such as SCORM[1] and CELTS [2] , are adopted in CUBES to facilitate the sharing of learning resources, the interoperation of user information and also the integration of software modules.
Introduction
During the last decade, numerous web-based learning systems, such as Blackboard [3] and WebCT [4] have been developed to provide learning environments for virtual universities. Most of these systems are intended to implement a number of software modules to support the entire online learning and management process. Many systems, especially those used in universities for distance learning, are developed on a collaborative basis: some modules are from other organization, others have to be developed by universities themselves to meet the special demands. In addition, these modules must constantly evolve. How to integrate these heterogeneous software modules into a seamless learning environment has become a big challenge.
One possible solution is the standardization of the system architecture. In recent years, many research efforts are focused into this area, e.g. IEEE's LTSA [5] , IMS's ongoing Abstract Framework [6] , CMU's service-oriented LSA [7] , MIT's OKI[8] and ADL's SCORM. These proposed standardized architectures can undoubtedly facilitate the integration. However, they are still insufficient in terms of:
• To define a widely accepted and practical architecture proves a hard work. IEEE's LTSA, although widely accepted, is a high-level conceptual architecture and insufficient in the practical implementation. Some others, such as MIT's OKI, IMS's Abstract Framework and CMU's LSA, are intended to define the architecture in more details. But they differ in many aspects from each other and are not widely accepted enough. SCORM is probably the most popular e-learning standard nowadays, but it only covers part of the system architecture.
• To thoroughly define each module in the e-learning system architecture is even more difficult. For example, the goal of IMS's Abstract Framework is to define the required applications, services and components in the learning environment, however a long way before accomplishment.
• Standards can hardly cover those newly developed modules, for example the realtime interactive virtual classroom and some adaptive learning tools.
• There are still legacy modules that have to be integrated.
So, based on e-learning standards, efforts still have to be made on the integration. In this paper, we propose CUBES, a standard-based e-learning system. The design and implementation of CUBES focus on the integrity, extensibility and evlovability of heterogeneous software modules. We adopt those mature e-learning standards, e.g. CELTS [2] (a localized version of selected standards in IEEE, AICC, ISO etc.) and SCORM [1] . An 1+N+1 three layered architecture is chosen: the first 1 means one basic supporting platform, providing common services such as authentication, core user information management and data exchange for the upper educational application modules(EAMs); N means the EAMs, including those commonly used such as courseware on-demand system, learner management and our newly developed virtual classroom [11] and dynamic learning quality monitor; the other 1 is the universal portal. Compared with other proposed architectures, CUBES has a special data exchange module(DEM) that acts as the mediator between EAMs. CUBES is now served in Webschool Tsinghua Univerity [9] , a virtual university regularly attended by more than ten thousand of users.
System Architecture
The 1+N+1(which mentioned above)three layered architecture of CUBES is shown in Figure 1 . We assume the EAMs, including the common standardized modules, and the legacy ones and those for special purpose, are developed by different organizations. And most of them probably need to evolve and extend in the future. Some of the EAMs are: courseware on-demand system, quiz and test system, learner management, virtual classroom, quality monitor etc. In fact, that's the practical problem we met when starting to build an advanced virtual university for Tshinghua University.
As illustrated in Figure 1 , the EAMs are integrated through the interfaces provided by the supporting platform and the universal portal. There is hardly any direct interaction between EAMs. DEM acts as the mediator between different EAMs, providing data exchange services so that the EAMs can provide data, request data, publish events and subscribe to events through DEM. DEM is also responsible for the data access control. When an EAM is modified or a new EAM is added, the modification focuses on the interaction between this EAM and DEM. With the help of DEM, we do not need to modify the interaction between EAMs one by one. As such the efforts on integration and evolution are effectively reduced.
Fig. 1. Overall Architecture of CUBES

Global Authentication
The global authentication module provides a cookie-based single sign-on service. After the user logins at the universal portal, the global authentication module returns a temporary ticket residing in the user's browser. When the user navigates through different EAMs, this ticket is used as the credit automatically. The ticket will update after a period of time, for example every 6 hours.
It is also responsible for authorization. So it gathers required credential from the integrated EAMs or administrator's configurations, manages a list for each user to indicate his authorization for all of the EAMs integrated in CUBES. When the user navigates into an EAM, the EAM will query the global authentication for the user's authorization.
EAMs can also have their own internal authentication, because there are, indeed, situations when the user needs to be authenticated more than once in a session. For example, our global authentication relies on userid/password, while the integrated payment system requires an X.509 certification for a higher level of assurance. This guarantees the flexibility for multilevel security.
Core User Information Management
It defines the data structures of a learner's profile and provides services for accessing and manipulating these profiles. At present, there is only one profile for each user, called the core profile. The information stored in this profile is those defined in widely accepted e-learning standards for user information, such as IEEE's PAPI and CELTS-11(a localized version of IEEE's PAPI for Chinese).
All of the EAMs share the core profiles. Meantime, an EAM can also maintain its own internal user profiles. The reason is that many EAMs developed individually do have their own user profile management module. It's troublesome to move these management modules into a global management, and sometimes impossible: 1)Some of the user information is EAM specific, only used by the EAM internally. Separating the user information from the global user information management helps to improve the evolvability and extensibility. 2)Some information still lacks the corresponding elearning standards, not to combine these information into the global user profile helps to improve the portability. 3)Some EAMs have to keep their own user profile management, for example the payment system. So, we draw out those standardized, commonly used user information into the core user information management and retain the extending profile management in EAMs. The EAMs can exchange their user profile information through DEM if required.
DEM
DEM provides data exchange services to all the EAMs registered so that these EAMs can provide data, request data, subscribe to events, publish events, and respond to requests through DEM. It also provides access control to determine which EAM has access to which data. These EAMs may reside in the same server, or in the same LAN(Local Area Network), or even across the internet.
When an EAM is integrated into CUBES, firstly, it must register at DEM with the information about the data it requires from other EAMs and the data it can provide. DEM configures the data interaction processes between EAMs with some additional services such as the data type matching, transforming and caching. From the view of an EAM, it only communicates with the DEM, unaware of the existence of other EAMs. The advantages of having such a DEM are:
• Reducing the cost of integration. When an EAM is modified or a new EAM is added, most of the modification focuses on the interaction between this EAM and DEM. By the help of DEM, we do not need to modify the interaction between the EAM and the others one by one.
• Convenient to optimize the process of data exchange. We can introduce services such as data caching for all the EAMs.
• Having a centralized security model. DEM can provide various communica-tion protocols over which data may be transferred, such as HTTPS, to ease the implementation details of guaranteeing encryption and authentication require-ments. In addition, access control allows the administrator to configure which EAM is allowed to access which data.
• Easy to integrate EAMs developed in different languages. We provide c/c++, java and web service interfaces to ensure the integration of various EAMs.
Design Principles
DEM is designed to make the upper EAMs loosely-coupling, meantime, not losing too much efficiency in runtime. We conclude the design principles as four points:
• REST[10] like interfaces. The interfaces compose of verbs and documents. Four verbs are used in DEM: SEND, STORE, QUERY and REGISTER. The documents appending to the verbs are semantically rich and self-descriptive. When an EAM talks to the DEM(and vice versa), it organizes the transferred data into a selfdescriptive document and tags the document with one of the above verbs. REST like interfaces prove flexible and are widely used for integration.
• Stateless. Communications between DEM and EAMs are stateless, such that each request from EAM to DEM(and vice versa) must contain all of the information necessary to understand the request. Each data exchange session composes of one request and one response. This feature improves visibility, reliability and scalability[10].
• Caching. DEM must have a caching mechanism to improve network efficiency.
• Asynchronous communication model. In order to ensure scalability and reliability, the request/response and publish/subscribe communication models should be asynchronous.
Communication with EAMs
The data exchanged through DEM is defined using a series of data objects, along with the schemas that define the semantics of the data. An EAM registers the data objects it provides at DEM.
Fig. 2. Process of Data Exchange
The data exchange between DEM and EAMs is in a request and response model. When an EAM requires data, it sends a request message to DEM. DEM is responsible to collect the required data. Firstly, DEM looks into its own cache. If the data in cache is absent, it looks up the registered EAMs to find the data provider, and then sends a request message. When the data is ready, DEM sends it to EAM as a response. The exchange process is illustrated in Figure 2 .
EAMs can also subscribe to DEM for notification about data. When an EAM makes a change in the data registered at DEM, it should generate a message to notify DEM. As such the DEM can update its cache and notify other EAMs that subscribe to the changed data.
Structure of DEM
The Structure of DEM is illustrated in Figure 3 . The Interaction Controller accepts requests and events from EAMs, calls the services provided by other components in DEM, sends requests if the data required is not in the Database for Cache, and responses to EAMs when the data is ready. The Information Manager stores various information about the data objects for exchange, and provides services to access, modify, add, and delete the stored information. Some of the most important information is: access control to determine which EAM has the access authorization, EAMs as the providers, index of the related data adaptors, schema of the data object used in data type matching, cache information, and events related to the data object from EAMs. These information is organized in a tree based structure and implemented using an LDAP(Lightweight Directory Access Protocol) server. The Mass Data Handler divides the exchanged large data into small pieces to reduce the response time and limit the RAM in use. Currently, the size of data in one response is limited to 1M bytes, but it's configurable in runtime. Data Adaptors are used to transform the data being exchanged, e.g. from XML to a java object. 
Universal Portal
The universal portal helps to provide a seamless learning environment for all of the users, including learners, teachers and administrators. The portal determines how the various features and services provided by the underlying EAMs are presented. In the universal portal, users only have a view of various integrated services without the concept of the individual EAM. Some of the important modules or tools provided in the portal to help constructing such an environment are: course portal, personal space and EAM management.
Constructing a Learning Environment
To construct a learning environment covering the entire spectrum of online learning and management process, we have integrated the following EAMs into CUBES:
• Large scale real-time interactive virtual classroom [11] .
• Courseware on demand system.
• Resource management system for the metadata of learning materials.
• Quiz and test system.
• Payment system.
• Learner management system.
• Dynamic learning quality monitor.
• Assignment deliver and management system.
• Question and answer system based on BBS. 
Some of the EAMs above conform to CELTS(a localized version of selected standards in IEEE, AICC, ISO etc.) and SCORM(version 1.2). SCORM is applied in the courseware on demand system and the resource management system. The binding with CELTS is illustrated in Table 1 .
Webschool Tsinghua University Based on CUBES
CUBES is currently deployed in Webschool Tsinghua University [9] , a virtual university regularly used by more than ten thousand of users all over China. It provides about 150 online curriculum, ranging from mathematics, computer technology, English to law, art design and economics. We are now trying to improve the use of the large scale real-time interactive virtual classroom for more online real-time courses. Some of the EAMs, such as the learner management system and dynamic learning quality monitor are being evolved according to the feedback from practical use.
Conclusion and Future Works
In this paper, we have presented CUBES, an e-learning system providing flexible learning environment for virtual universities. Our system focuses on the integrity, evolvability and extensibility. A basic supporting platform including DEM(data exchange module) and a universal portal are designed to effectively reduce the efforts on integrating and evolving heterogeneous EAMs(educational application modules). In CUBES, we can conveniently add, modify and remove EAMs to construct an appropriate learning environment. Currently, CUBES is deployed as a distributed system in a local area network. In the future, we plan to test CUBES as an internet scale distributed system. As such we can share the valuable EAMs which maybe spread over different universities and institutions.
